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Influence of the Surface on Magnetic Domain-Wall Microstructure
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The magnetization orientations in domain walls at the surfaces of an Fe crystal, a ferromagnetic glass,
and a Permalloy film, measured by scanning electron microscopy with polarization analysis, exhibit
asymmetric surface Néel wall profiles which (1) are at least twice as wide as interior Bloch walls in bulk
and (2) are described quantitatively by our micromagnetic calculations without assuming any special
surface parameters. Misinterpretation of domain-wall widths, Bitter patterns, and magnetic-force-
microscopy images can result from overlooking the extreme effect of the surface on magnetic microstruc-

ture.

PACS numbers: 75.60.Ch, 75.30.Pd

The surface of a ferromagnetic material has a pro-
found effect on the final magnetization configuration,
that is, the magnetic microstructure, resulting from the
energy minimization which takes place by formation of
domains and domain walls. A detailed knowledge of sur-
face magnetic microstructure is of great importance to
our understanding of many fundamental properties of
magnetic materials as well as to our understanding of the
ultimate limitation on information density in magnetic
storage technology. Although there has been intense
study of magnetic microstructure for many years, there
is still considerable uncertainty about the behavior of a
domain wall at the surface, specifically the relative width
of domain walls at the surface and in the interior. In
this Letter, we present the first quantitative comparison
of the measured magnetization orientation in surface
domain walls and the predictions of micromagnetic
theory. Excellent agreement is found between the calcu-
lated and measured profiles for three materials, an Fe
single-crystal whisker, a ferromagnetic glass, and a Per-
malloy film, without invoking surface anisotropy or sur-
face exchange parameters different from the bulk. Hav-
ing verified this application of the micromagnetic theory,
we show that the domain-wall width at the surface is
significantly greater than that in the bulk. The depth of
the surface-induced modification of the domain wall is
found to be on the same order as the width of the bulk
Bloch wall. Our results provide new insight into the in-
terpretation of relative wall widths' and have important
implications for other methods used to observe magnetic
microstructure, the Bitter technique and magnetic force
microscopy.

The surface of a solid breaks the translational symme-
try normal to it. This has a large effect on the magneto-
static energy. In an infinitely extended ferromagnet, the
boundary between antiparallel domains would be a 180°
Bloch wall, in which the magnetization rotates in the
plane of the wall. If a Bloch wall were terminated by a
surface, the magnetization would point out of the surface
causing a large, energetically unfavorable stray field.

This surface magnetostatic energy is sufficient to cause
the magnetization to rotate totally in the plane of the
film in thin films, forming what is called a Néel wall.
For thicker films, there are a number of different wall
configurations. Hubert? and LaBonte® recognized that
in a thickness range of twenty to a few hundred nanome-
ters a wall configuration, known as an asymmetric Bloch
wall, that has a vortex structure in the interior with a
Néel-type wall at the surface is energetically favorable.
Evidence for this model has been obtained from trans-
mission electron microscopy by measuring the integrated
effect (through the film) of the wall magnetic field on an
electron beam.*> The predicted Néel wall at the surface
has been observed in measurements using magneto-optic
Kerr effect® and scanning electron microscopy with po-
larization analysis (SEMPA).”® A surface Néel wall
profile was also measured in a recent high-resolution
SEMPA investigation.! We observe surface Néel wall
profiles that are in excellent agreement with our calcula-
tions. Lowering the surface magnetic energy by the for-
mation of surface Néel walls appears to be a widespread
phenomena found for a number of different materials.

The quantitative profiles of domain walls at surfaces
which we report here were obtained from high-resolution
SEMPA images such as those shown in Figs. 1(a)-1(c).
The familiar SEM images which show surface topogra-
phy, as in Fig. 1(d), are obtained by measuring the
secondary-electron intensity as the focused high-energy
electron beam rasters the specimen surface. An image of
the magnetic microstructure is obtained if, in addition,
the spin polarization of the secondary electrons is mea-
sured. The SEMPA technique has been developed over
the last few years and is described in detail elsewhere.”-?
The projection of the sample magnetization along two
orthogonal axes lying in the specimen surface are shown
in Figs. 1(a) and 1(b), respectively. The linear intensity
scale uses white (black) for the maximum value of the
magnetization component pointing along the positive
(negative) direction.

The measurements in Fig. 1 are from a zero-mag-
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FIG. 1. SEMPA images of a Co-based ferromagnetic glass
showing components of the magnetization along the (a) verti-
cal and (b) horizontal directions. The images are 70 um
across. (c) A higher-resolution, 5 um across, magnetization
image of the central region of (b). (d) The intensity image
showing the topography corresponding to images (a) and (b).

netostriction Co-based ferromagnetic glass (Allied
2705M, CogoFesNijMo,B1,Si;2). In Fig. 1(a), one sees
parts of four domains with magnetization nearly aligned
with the vertical axis. The magnetization within the
domain walls is seen in Fig. 1(b) to be along the horizon-
tal direction, perpendicular to the wall. This demon-
strates that, at the surface, the domain wall is a Néel
wall with the magnetization rotation occurring in a
clockwise direction in the surface plane. A high-magnifi-
cation image of the middle of the wall in the region
where the Néel wall changes direction is shown in Fig.
1(c). Note that the black and white segments of the wall
are slightly offset from each other.

Our calculations of domain-wall configurations employ
the nonlinear micromagnetic equations.’ The magnitude
of the magnetization is constant and only its direction is
varied in order to minimize the total magnetic energy
consisting of contributions from the exchange, anisotro-
py, and magnetostatic energies. Our calculation follows
that of LaBonte® in which the continuous magnetization
is approximated by dividing the ferromagnet into a finite
number of cells, each with a discrete magnetization. The
magnetization in each cell is affected by that of the
nearest-neighbor cells through the exchange interaction
and by that of all the other cells through the long-range
magnetostatic interaction. In each cell, the direction of
the magnetization is varied iteratively to minimize the
energy (until the change in the magnetization direction
cosine is less than 0.2%). Although this energy-mini-
mization procedure is computer intensive (a typical cal-
culation takes 5 to 10 min on a supercomputer), it has
the advantage that the equilibrium low-energy magneti-
zation is reached without a model-dependent initial
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FIG. 2. Schematic representation of the calculated magneti-
zation distribution in the upper 0.2 um of the cross section
through an Fe sample.

configuration. This phenomenological calculation has as
input the material parameters, e.g., the exchange con-
stant A, the anisotropy constant K (cubic for Fe and uni-
axial for Permalloy and the ferromagnetic glass), and
the saturation magnetization M, and such geometrical
parameters as the thickness and the associated boundary
conditions. The output is the orientation of the magneti-
zation at each cell and the values of each energy contri-
bution to the total energy.

The results of the calculation of the magnetization dis-
tribution for an Fe single crystal are shown schematical-
ly in Fig. 2 for the top half of a cross section through the
sample (the x-y plane). The magnetization is uniform
in the z direction, which is appropriate for the situations
discussed here. The strong vertical magnetization of the
Bloch wall in the middle of the sample turns over and
into the surface plane leading to the surface Néel wall.
This results from minimizing the magnetostatic energy.
Note that the center of the Bloch wall in the interior is
displaced in the x direction from the center of the sur-
face Néel wall. This distance, between the peak of M, in
the interior and the peak of M, at the surface, is A. The
shift is quite evident in Fig. 1(c); the distance between
the center of the black and white walls in the image is
2A. We take as a working definition of surface Néel wall
width, Ws, the distance between the 10% points of the
surface M, distribution and that of the interior Bloch
wall width, Wjp, as the distance between the 10% points
of the bulk M, distribution.'® The calculated and mea-
sured values of Wy and A are compared in Table I which
also gives the calculated values of Wj and the parame-
ters used in the calculation. For Fe, it was found that
the structure of the interior Bloch wall was completely
developed for a film thickness of 0.4 um. Increasing the
thickness did not alter the surface Néel wall, but merely
extended the length of the interior Bloch wall.

The comparison between the calculated and measured
asymmetric Néel wall profiles of the three specimens is
shown in Figs. 3(a)-3(c). The asymmetry of the wall
profile is clearly apparent; for example, in Fig. 3(a),
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TABLE I. The input parameters used in the calculations for the three materials and a com-
parison of the calculated and measured domain-wall widths and shifts.

Calculated Measured
M K Wg Ws A Ws A
Material (emu/cm?)  (erg/cm®) (erg/em) (nm) (am) (nm) (nm)  (nm)
Fe(100) 1714 4.7x10° 2x107¢ 104 234 50 225 50.5
Feng:’S’:ag“e“c 557 2x10*  1x107¢ 310 660 80 665 78
Permalloy 800 110 1x107¢  --- 2450 --- 2360 120

there is a steep rise on the right which is in the surface
region directly above the interior Bloch wall. The sur-
face domain wall profiles which we analyze here were
obtained by averaging several scans from an image over
a length of the wall. The agreement between the calcu-
lations and the measurements is striking for these three
very different magnetic systems. The magnetocrystalline
anisotropy varies over 2 orders of magnitude in going
from Fe to Permalloy which is reflected in the order-of-
magnitude variation in wall width displayed in Fig. 3. In
the 20-um-thick Fe whisker and the 25-pum-thick fer-
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FIG. 3. (a)-(c) Comparison of calculated and measured
profiles of the magnetization component perpendicular to the
wall for (a) an Fe(100) single crystal, (b) a CogsFesNi-
Mo;B)5Sii2 metallic glass, and (c) a 80Ni-20Fe Permalloy
film. The scatter in the solid points gives a measure of the ex-
perimental uncertainty.
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romagnetic glass sample examined experimentally and
simulated by the calculation, the interior Bloch wall and
surface Néel wall are both well developed because the
sample thickness is several times the bulk Bloch wall
width. However, in the 1.5-um-thick Permalloy speci-
men, our calculation shows that the surface Néel wall is
inseparable from the vortex structure of the asymmetric
Bloch wall; i.e., no distinct interior Bloch wall has
formed for this thickness of Permalloy.

Generally, the exchange energy, which tends to make
the wall wider is counteracted by the anisotropy energy
which is lowered when the magnetization varies rapidly
in order to return to a direction along an easy axis. In a
cubic crystal such as Fe with an easy axis in the plane of
the wall and normal to the domain magnetization, text-
book arguments'' suggest that magnetostriction must be
considered to avoid a 180° wall being comprised of two
infinitely separated 90° walls. This argument is only
true in an infinite crystal. The presence of the surface
constrains the wall width. The magnetostatic interaction
causes the energy-favorable configuration to be the 180°
Bloch wall. The wall is “held together” by the magne-
tostatic energy which is significantly larger than the
magnetostrictive energy, thus again showing the impor-
tant influence of the surface.

The surface Néel wall widths are uniformly wider
than the Bloch wall widths in the interior as determined
from the calculations. There are no experimental deter-
minations of the Bloch wall width in bulk samples.
Transmission Lorentz electron microscopy measurements
in Fe films up to 0.3 um thickness yield Bloch wall
widths which increase to a maximum for thicknesses of
0.2 to 0.3 um.* Since transmission electron microscopy
senses the integrated effect of the magnetic field in the
thin film, it is incorrect to identify wall widths deter-
mined in this way with the interior Bloch wall width un-
less the film is thick enough (> 0.4 um for Fe) not to be
in the vortex region of an asymmetric Bloch wall. Al-
though a difference between domain wall widths at the
surface and in the interior has been predicted previous-
ly,'? this first detailed comparison, and the agreement
obtained between measured and calculated surface Néel
wall profiles, provides a new underpinning to the con-
clusions which can be drawn from micromagnetic calcu-
lations. Overlooking the extreme effect of the surface has
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led to the incorrect conclusions that surface Néel and
bulk Bloch wall widths in Fe are the same' and that bulk
Bloch walls in Fe are == 200 nm wide. '*'

Our results also have important implications for other
techniques which seek to determine magnetic micros-
tructure. The asymmetric Néel wall reduces the external
field from the interior Bloch wall and causes the external
field maximum to be displaced from the position of the
Bloch wall in the interior. The widely used Bitter tech-
nique for imaging domain walls, and the newer technique
of magnetic force microscopy, do not simply respond to
the bulk Bloch walls. Rather, they respond to the resul-
tant field from the interior Bloch and surface Néel walls,
and in the case of magnetic force microscopy, to a possi-
bly reconfigured surface magnetization distribution in
the presence of a magnetic tip.

In the systems we have considered, the surface affects
the magnetization distribution over a length scale com-
parable to a Bloch wall width. Because of this, even
though our measurements probe only the top several lay-
ers, there is excellent agreement between our micromag-
netic calculation and the experimental profiles without
introducing any special surface parameters. A surface
micromagnetic length scale comparable to a bulk Bloch
wall width is supported by observations of the surface
Néel walls by the magneto-optic Kerr effect® which has
a probing depth on the order of 10 nm. Thus we expect
similar images of domain walls obtained with SEMPA or
the Kerr effect, within the resolution limitations of each
technique, for most magnetic materials.  Kerr observa-
tions also rule out a surface monolayer effect being re-
sponsible for the observed surface Néel walls.

The Fe whiskers provided by A. Arrott were grown at
Simon Fraser University under an operating grant from
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FIG. 1. SEMPA images of a Co-based ferromagnetic glass
showing components of the magnetization along the (a) verti-
cal and (b) horizontal directions. The images are 70 um
across. (c) A higher-resolution, 5 ym across, magnetization
image of the central region of (b). (d) The intensity image
showing the topography corresponding to images (a) and (b).



